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ABSTRACT

This paper investigates the design, modelling and control
of a novel contactless active robotic joint using active magnetic
bearing (AMB). A robot with such joint avoids dust genera-
tion, oil lubrication and friction. This makes such robot suit-
able for applications in clean environments such as clean and
surgery rooms. Also, such joint can be used in space robots, self-
reconfiguration robots and robots with selective compliance. In
contrast to the passive joint with AMB that needs the control
of 5 degree-of-freedom (DOF), the proposed joint here needs the
control of 6-DOFs. The additional variable to be controlled is the
robot joint angle. Frameless, brushless, direct drive, high torque
DC motor (BLDC) is used to control the robot joint angle. A
contactless sensor for robot joint angle measurement is proposed.
The mutual interaction between the control of the BLDC motor
and the AMB is studied. Although in this paper tracking control
of the robot joint angle and stabilization of the other 5-DOFs to
their null values are carried out, it is possible to carry out track-
ing control of all the 6-DOFs. This leads to enlarge the mobility
of the joint from 1-DOF to 6-DOFs. Feedback linearization con-
troller is used to track the robot joint angle desired trajectory.
State feedback controller is used to stabilize the AMB. The pro-
posed system is designed and simulated using CATIA and MAT-
LAB/Simulink. The results prove the feasibility of the proposed
robotic joint from design and control view points.

INTRODUCTION
Active magnetic bearing system uses electromagnetic forces

to support a rotor without friction. AMB can control the bearing
stiffness and the rotor position with an accuracy of a microme-
ter [1]. Compared with conventional bearings, AMB offers many
advantages such as frictionless operation and requires no lubri-
cation. As a result, they find their way in industrial applications
covering from satellites to biomedical equipments [2]; in par-
ticular, in high-speed rotating equipments such as turbines, ma-
chine tools, maglev trains, vacuum pumps or compressors and
flywheel-based energy-storage devices [3–6]. Since there is no
wear and no lubrication is required for AMB, they can be used in
cleanliness environments such as clean rooms, vacuums cham-
bers, surgery rooms or space. Robots that can be used in these
environments must be free of any dust or oil generation sources.
As a result, their joints should be composed of AMB.

AMB is inherently unstable; thus artificial stabilization by
means of feedback control is required [7]. Some researchers
studied the problem of the AMB modeling and the design of its
control system [8, 9]. Most recent researches use robust con-
trol theory to solve the problem of unbalance in AMB such
as [10,11]. Besides, other researches addressed the topic of non-
linear controllers for AMB such as [12–14]. For linear methods
Mohamed et. Al. [15] used Q-parameterization theory and µ-
analysis in order to achieve robust and performance stability.
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A previous work in this research direction [1] dealt with an
experimental study only. In this study a prototype of clean room
parallel robot with 2-DOFs and five joints was constructed. Two
of the five joints are active joints without AMB and the other
three joints are passive. Two of the passive joints are composed
of AMB. Nevertheless, this study does not lead to a robot with
completely contactless joints. Our work closes this gap by intro-
ducing the design and control of a contactless active robotic joint
using AMB. Stefan Pehr [16] performed an experiment about the
construction of a fully wear and maintenance free BLDC mo-
tor for microgravity to improve the bearing systems of reaction
wheels in space applications. AMB in his work needs the control
of 4-DOFs only. Also, a novel magnetically levitated motor with
five controlled DOFs was investigated theoretically in [17].

Our work, covers the aspects of:
• Mechanical design of a novel contactless active robotic joint
using AMB. This joint is driven by frameless, brushless, direct
drive, high torque DC motor.
• Develop a mathematical model of this joint including the
BLDC motor and the 5-DOFs AMB.
• Propose a suitable contactless robot joint angle measurement
sensor, specially for clean environments.
• Study the effect of air gap variation on the motor performance
and sensor measurements.
• Study the stiffness characteristics.
• Design PID-based feedback linearization controller to track
the robot joint angle desired trajectory and state feedback con-
troller to stabilize the AMB.
• Simulate the proposed system.

Thus, in addition to maintenance free and cleanliness, the
robot with this novel joints can perform functions such as force
sensing, stiffness control, active vibration control and micro-
manipulation. This work enlarges the applicability of such re-
search direction to new applications such as: self-reconfiguration
robots, robots with selective compliance and Space robots.

System Description
Figure 1 illustrates the system under study, which consists

of frameless BLDC motor, 5 degree of freedom AMB, measure-
ment sensor for motor shaft roll angle, AMB air gap measure-
ment sensor and the controller. The controller receives roll an-
gle and position data of the rotor from the sensors and produces
the control signals for the AMB electromagnetic coils and motor
stator windings. This makes the actuating magnets of the AMB
produce an electromagnetic forces which maintain the rotor in its
desired position. The controller tracks the desired roll angle.

System Design
The system under study is designed using the procedure

given in Fig. 2.

FIGURE 1: SYSTEM BLOCK DIAGRAM

FIGURE 2: SYSTEM DESIGN PROCEDURE

FIGURE 3: MOTOR LOAD (ARM AND PAYLAOD)
STEP 0: Specification Definition:

To validate the feasibility of the proposed novel contactless ac-
tive robotic joint, size and specifications similar to practical joint
are used.

STEP 1: Arm and Payload Torque Calculation:
Figure 3 illustrates the load which consists of an arm and pay-
load. For payload and arm with the specifications given in Table
1, the maximum load Torque, TLmax is calculated from the fol-
lowing equation:

TLmax = (0.15mp +0.075ma)g (1)

Hence, the maximum load torque is equal 0.71 Nm.
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TABLE 1: ARM AND PAYLAOD PARAMETERS

Payload Arm

Dimension (mm) 40x40x20 150x40x10

Mass (kg) mp = 0.25 ma = 0.47

C.G. Location (m) 0.15 0.075

FIGURE 4: MOTOR SHAFT
STEP 2: BLDC Motor Selection:
According to the calculated load torque in step 1, frameless
brushless direct drive, 145STK 1M, Alxion BLDC motor [18] is
selected. The main features of this motor are continuous torque
of 8 N.m., speed range of 500 -1500 rpm, rotor diameter of 56
mm, and rotor length of 59 mm.
STEP 3: Shaft Diameter and Length Determination:
According to the rotor internal diameter and rotor length; the
shaft length is calculated using the following formula:
Shaft length =(3x59 + safety length) = 300 mm, and the internal
diameter at shaft ends is equal to 40 mm. See Fig. 4.
STEP 4: Calculation of AMB Diameters:

According to the shaft length and the internal diameter at shaft
ends, the AMB internal diameter is equal to 42 mm, and the
AMB external diameter is chosen to be 82 mm [19].
STEP 5: Virtual Model using CATIA Design Software:
The system is drawn using CATIA [20] as shown in Fig. 5. In
this system, the robot arm with the payload as well as, the rotat-
ing parts of the axial magnetic bearing (MB) and the roll angle
sensor are fixed to the shaft using set screws. To facilitate the
design of the electromagnetic coils of the AMB, the total weight
is calculated and it is found to be 2.941 Kg. Then, the total force
carried by the bearings with 25 % safety factor is 36 N.
In Fig. 7 for the left radial MB

fl1 = fl2 +
36
2

(2)

Using Eq. (15), which will be described later in modeling sec-
tion for fl2 = 4 N and steady state air gap length Do = 1 mm, the
steady state electromagnetic coils currents are Il1 = 0.56 A and
Il2 = 0.238 A.
STEP 6: System Finite Element Analysis:
The system is studied under two conditions for the load arm,
which will be illustrated in the simulation section.

FIGURE 5: ARCHITECTURE OF THE CONTACTLESS AC-
TIVE ROBOTIC JOINT USING AMB

STEP 7: Checking system safety:
In this step the stress and deflection values are compared with the
maximum stress value of steel and the length of air gap.

System Mathematical Modeling
Brushless DC Motor Dynamic Model

The selected motor in this system is frameless brushless di-
rect drive DC motor, which has the advantages of no contact, no
gearbox and compatible with AMB. The stator windings equa-
tions in terms of motor electrical constants for three-phase, star-
connected BLDC motor are [21]:

 va
vb
vc

=

R 0 0
0 R 0
0 0 R

 ia
ib
ic


+

L−Lm 0 0
0 L−Lm 0
0 0 L−Lm

 d
dt

 ia
ib
ic

+

 ea
eb
ec

 (3)

Te =
eaia + ebib + ecic

ωm
(4)

ea = fa(θr)λpωm, eb = fb(θr)λpωm, ec = fc(θr)λpωm (5)

λp = Kp
P
2

(6)

Te−Tl = Jm
dωm

dt
+b f ωm (7)
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Tl = ML2
a

dφ̈

dt2 +MgLa cos(φ) (8)

ωm =
dφ

dt
=

2
P

ωr =
2
P

dθr

dt
(9)

The functions fa(θr), fb(θr) and fc(θr) have the same shape as
ea, eb and ec with a maximum magnitude of ± 1.

Figure 6 shows the BLDC motor control system block dia-
gram. The robot joint angle is measured and compared with the
desired trajectory φd . The robot joint angle error is controlled
through the PID-based feedback linearization controller to pro-
vide the required reference torque Te−re f . The stator three-phase
reference currents are calculated using Eq. (4) at torque equals
the reference torque. Besides, it is compared with their respec-
tive actual values. The three-phase currents errors are controlled
using P controller and a pulse width modulation is used to gener-
ate the suitable switching signals for the inverter semiconductor
switches.

Active Magnetic Bearing Dynamic Model
AMB Nonlinear Model. Figure 7 shows a horizontal

shaft AMB, which consists of two radial MBs and one axial MB.
Both of the radial MBs control the radial motion; linear and ro-
tational motions [12, 22]. The axial MB controls the axial linear
motion. This system is MIMO system. The dynamic equations
of this system are as follow [22, 23]:

Axial direction:
linear motion

mẍ =−βx−2γ ẋ+ fl5− fr5 (10)

Radial direction:
Horizontal linear motion

mÿ = fl3− fl4 + fr3− fr4− fLH − fRH (11)

Vertical linear motion

mz̈ = fl2− fl1 + fr2− fr1 +mg− fLV − fRV (12)

Pitching rotational motion

Jyθ̈ =−ωrJxψ̇ +( fl1− fl2 + fr2− fr1− fLV − fRV )l (13)

Yawing rotational motion

Jyψ̈ = ωrJxθ̇ +( fl3− fl4 + fr4− fr3− fLH − fRH)l (14)

Electromagnetic force

f j = K
i2j
g2

j
(15)

Electromagnetic coil voltage equation

e j = Lc
di j

dt
+Rci j (16)

where j = l1 . . . l4,r1 . . .r4.
fLV , fRV , fLH and fRH are the forces at the two radial bearings
due to the centrifugal force of the robot arm and its payload
in the vertical and horizontal directions.
The centrifugal force in the vertical direction is:

FV = MLaω
2
m sinφ (17)

The centrifugal force in the horizontal direction is:

FH = MLaω
2
m cosφ (18)

The forces fLV , fRV , fLH and fRH are calculated as follow:

fRH =
L1

L2
FH (19)

fLH = fRH +FH (20)

fRV =
L1

L2
FV (21)

fLV = fRV +FV (22)

where, L1 is the distance from the robot arm to the left MB
and and L2 is the distance between the two bearings.
The air gap displacement, g j is expressed as follow:
g j = Do +g′j
where Do is the air gap length at equilibrium and
g′j is the air gap deviation which is expressed in terms of y,
z, θ and ψ as follow:

g′l1
g′r1
g′l3
g′r3

=−


g′l2
g′r2
g′l4
g′r4

=


z− lθ
z+ lθ
−y− lψ
−y+ lψ

 (23)
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FIGURE 6: BLDC MOTOR MODEL BLOCK DIAGRAM

FIGURE 7: HORIZONTAL SHAFT AMB BLOCK DIAGRAM

where g′l1, g′l3, g′r1 and g′r3 represent the air gap deviation at the
left MB in vertical direction, left MB in horizontal direction,
right MB in vertical direction, right MB in horizontal direction
respectively. It is obvious that the axial direction linear motion
can be controlled separately.

As a result, firstly, consider the radial direction motion, which
represents 4-DOFs. Hence, the 4-DOFs AMB is MIMO system
has 8 inputs represent the electromagnetic coil voltages and 4
outputs represent the air gap deviations. After that, the axial di-
rection motion is considered, which represents one DOF. Hence,
the one DOF axial MB stands for system of 2 inputs represent
the electromagnetic coil voltages and one output represents the
air gap deviation in axial direction g′l5.

AMB Model Linearization The AMB nonlinear model
is linearized around the equilibrium point. For the 4-DOFs
AMB, the system states are 16 states; 4 states for the air gap
deviation, 4 states for the derivative of them and the rest states
are the electromagnetic coils currents. Then, A, B and C
matrices of the system are obtained and hence, the state-space
representation of the system is given [10] as:

ẋ = Ax+Bu (24)

y =Cx (25)

In similar way, the linearized model for the axial linear motion is
obtained.

Measurement Sensors
In this system, two types of measurement sensors are used.

The first one is the shaft roll angle measurement sensor. If no
extremely cleanliness is required, the contactless rotary sensor
shown in Fig. 8 can be used. The resolution of such sensor is
0.025 % of measurement range [24].
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FIGURE 8: CONTACTLESS ROTARY SENSOR
Nevertheless, the contactless rotary sensor has mechanical

bearing, so for clean environment, the robot joint angle sensor
shown in Fig. 5 is used. This sensor consists of disc fitted with
large number of small holes around its peripheral and a frame
with light transmitter and receiver. The second type of the mea-
surement sensors is the air gap displacement measurement. The
most common sensor for this function is eddy current or induc-
tive type sensor. For the proposed robotic joint, 5 eddy current
sensors; 4 of them for the radial motion sensing and one for the
axial motion sensing and one contactless rotary sensor for the
robot joint angle measurement are required.

The air gap variation has an effect on the roll angle measure-
ment which can be taken into consideration. The measuring of
the air gap deviation can be extrapolated to find the on-line roll
angle error instantaneously at the location of the sensor. This es-
timated error can be added/subtracted according to its sign to the
roll angle measurement to get the actual roll angle. For the motor
performance, it is described in [25] that the air gap variation has
an effect on the produced air gap flux density and consequently
increases the force between the rotor and stator. This extra force
can cause bearing damages and lifetime reduction at large air gap
displacement such as 50% of the nominal value.

In our work, the air gap variation effect on the roll angle
measurement and the motor performance will be checked in sim-
ulation section.

Stiffness Characteristics
The state-space representation of the AMB which is given

in Eq. (24) and Eq. (25) is rewritten to be as follow [26]:

ẋ = Anx+EFd (26)

y =Cx (27)

where,

An = A+BG (28)
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FIGURE 9: AMB STIFFNESS CHARACTERISTICS
Figure 9 shows the stiffness Characteristics of the proposed joint.
This stiffness Characteristics can be altered by suitable controller
as required.

Controller Design
A PID-based feedback linearization controller [27] is used

for controlling the BLDC motor shaft roll angle. Using Eq. (7)
and Eq. (8) the following control input will cancel out the non-
linearities.

Te = (Jm +ML2
a

P
2
)Uφ +MgLa cos(φ)+b f ωm (29)

where,

Uφ = φ̈d +Kpe+Kd ė+Ki

t∫
0

edt (30)

where, φd is the desired robot joint angle and Kp, Ki and Kd are
the controller parameters.
The air gap of the AMB radial (vertical and horizontal) and ax-
ial motion are controlled using state feedback controller. The
Linear-Quadratic Regulator (LQR) is used to calculate the opti-
mal state feedback gains.

Simulation Results
System Finite Element Analysis

The system is studied with AMB parameters given in Table
2 using CATIA design software under the worst case condition
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TABLE 2: AMB PARAMETERS

Symbol Value Symbol Value

m 2.941 Kg Jx 0.004 Kg.m2

Jy 0.028 Kg.m2 l 0.0975 m

Il1,r1 0.56 A Il2..l4,r2..l4 0.238 A

Do 1 mm Rc 10.7 Ω

Lc 0.285 H β 1066 N/m

γ 0.403 N.Sec./m

FIGURE 10: SYSTEM STRESS ANALYSIS AT WORST CASE
for the load arm, which is when the arm is horizontal. The joint
speed is low, so the system is studied under its weight effect.
Figure 10 shows the stress analysis of the system. The maximum
stress is 0.12 MPa. Figure 11 shows the deformation analysis of
the system. The maximum deformation is 0.654µm.
The above finite element analysis study proved that this system
design is valid. Moreover, the stress and displacement obtained
values are safe compared with the allowable stress value of steel
and the air gap length which is 1 mm.
Since the design has large safety factor, it is allowed to use larger
payload.

System Simulation Analysis
The BLDC motor parameters are given in Table 3 and the

5-DOFs AMB parameters are given in Table 2. The system and
its controllers represented by Eq. (3) to Eq. (9) and Eq. (10)
to Eq. (23) are all simulated using MATLAB/Simulink. Quintic
polynomial trajectory is used as the reference trajectory for the
robot joint angle. Those types of trajectories have sinusoidal ac-
celeration which is better in order to avoid vibrational modes.

Figure 12 shows the robot joint angle tracking result for the
desired trajectory for a payload equals 0.25 kg. It is clear that
the reference and measured trajectories are identical. Figure 13

TABLE 3: BLDC MOTOR PARAMETERS

Parameter Symbol Value

Rated Speed nm 1500 rpm

Rated Torque Te 8 Nm

Phase Resistance R 7.9 ohm

Phase Inductance L 25.8 mH

Poles Number P 12

Phase EMF Constant Kp 0.178 V.Sec./rad.

Inertia Jm 0.0008 Kg.m2

FIGURE 11: SYSTEM DEFORMATION AT WORST CASE
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FIGURE 12: MOTOR SHAFT ROLL ANGLE
shows the robot joint angle tracking result for the desired trajec-
tory for two payloads; payload 1 equals 0.25 kg and payload 2
equals 0.40 kg. The results are identical for both payloads with
zero steady state error. The horizontal and vertical air gap devi-
ation responses for the left MB for the two payloads are given
in Fig. 14 and 15 respectively. The horizontal and vertical air
gap deviation responses for the right MB for the two payloads
are given in Fig. 16 and 17 respectively. These figures show a
slightly and acceptable change between the two cases of the pay-
loads. Also, it is clear that the air gap deviation at the left MB
is larger than its value at the right bearing. This is due to the
centrifugal force of the robot arm and its payload. The axial dis-
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FIGURE 13: MOTOR SHAFT ROLL ANGLE WITH PAY-
LOAD VARIATION
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FIGURE 14: AIR GAP DEVIATION IN HORIZONTAL RA-
DIAL MOTION FOR LEFT MB
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FIGURE 15: AIR GAP DEVIATION IN VERTICAL RADIAL
MOTION FOR LEFT MB
placement deviation is shown in Fig. 18 for the same change in
the payload with steady state value equals zero in both cases.
For the worst air gap deviation, which is got by system simula-
tion and approximately equals 120 µm, the resultant robot joint
angle measurement error is found to be 0.24 degree.
The calculated error can be added to the measured robot joint
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FIGURE 16: AIR GAP DEVIATION IN HORIZONTAL RA-
DIAL MOTION FOR RIGHT MB
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FIGURE 17: AIR GAP DEVIATION IN VERTICAL RADIAL
MOTION FOR RIGHT MB
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FIGURE 18: AIR GAP DEVIATION IN AXIAL MOTION

angle to correct it if necessary. Also, it is found that the maxi-
mum percentage deviation of the air gap is about 13.6 % which
is small compared with the 50 % deviation studied in [25]. So,
there is no damage in the proposed system.
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Conclusion
In this paper, the mechanical design of a novel contactless

active robotic joint using AMB is developed. The stress and de-
flection are calculated using FEA method. The obtained stress
and deflection values are safe with respect to the allowable stress
value of steel and the 1 mm air gap length. The system mathe-
matical model is developed.
The unbalance force effect due to the centrifugal force of the
robot arm and its payload in the vertical and horizontal directions
is taken into consideration during the modeling and control of the
AMB. Suitable robot joint angle sensor is proposed for extreme
cleanliness environments. The stiffness characteristic is studied.
A PID-based feedback linearization controller is designed for the
BLDC motor and a state feedback controller is designed for the
AMB. The effects of the air gap variation on the sensor measure-
ments and motor performance are studied. The system with the
designed controller has a good performance and valid even if the
payload is changed. This work prove the feasibility of this novel
contactless active robotic joint.
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NOMENCLATURE
E disturbance force coefficients matrix.
Fd inputs disturbance force vector.
G state feedback gain.
L per phase self inductance.
M equivalent mass.
P number of poles.
R stator winding resistance.
g gravitational acceleration.
l distance between mass center and right radial MB.
m total mass.
y horizontal linear motion.
z vertical linear motion.
β axial eccentricity coefficient.
γ axial damping coefficient.
φ robot joint angle.
ψ yaw angle of the rotor about Z axis.
θ pitch angle of the rotor about Y axis.
θr rotor electrical roll angle.
ωm rotor mechanical angular speed.
ωr rotor electrical angular speed.
Jm motor shaft inertia.
Jx moment of inertia around X axis.
Jy moment of inertia around Y axis.
Kp induced emf voltage constant.

La arm length.
Lc electromagnet coil inductance.
Lm per phase mutual inductance.
Rc electromagnet coil resistance.
Te motor electromagnetic torque.
b f friction coefficient.
ea, eb and ec trapezoidal induced emfs.
ia, ib and ic three-phase stator windings currents.
va, vb and vc three-phase stator windings voltages.
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